The recent availability of sex pheromone lures for the navel orangeworm, Amyelois transitella (Walker) (Lepidoptera: Pyralidae), improves options for monitoring this key pest in conventionally managed almonds. These lures are, however, minimally effective in the presence of mating disruption. Experiments were conducted to determine if phenyl propionate (PPO), an attractant for the navel orangeworm, acts in an additive or synergistic manner when presented together with the pheromone. In the absence of mating disruption, traps baited with PPO captured significantly fewer adults than traps baited with a sex pheromone lure. There was no difference in the number of adults captured in traps with both attractants when mating disruption was not used. In the presence of mating disruption, pheromone traps were completely suppressed, yet traps with both pheromone and PPO captured significantly more adults than traps baited with only PPO. Traps with only PPO captured equal numbers of both sexes, whereas traps with both attractants had significantly more males. These findings demonstrate that PPO is likely to be useful for monitoring navel orangeworm in fields treated with mating disruption.
. While pheromone lures are often useful for monitoring in the absence of mating disruption (Witzgall et al. 2010) , the utility of pheromone lures by themselves is frequently diminished in the presence of mating disruption , Knight et al. 2014 .
Phenyl propionate (PPO) is one of the several compounds identified as navel orangeworm attractants by a mass screening using field assays (Price et al. 1967) , and detection by the female antennae has been verified using electroantennogram recordings (Liu et al. 2010) . One study identified PPO as primarily a female attractant (Price et al. 1967) , whereas another study found that PPO attracted both sexes in proportions that varied during the field season (Burks et al. 2009 ). PPO was not among volatiles identified from almond hulls and split almonds (Beck et al. 2012, Beck and Higbee 2013) . PPO and similar phenolic compounds are widely distributed in natural environments, as products of digestion of aromatic amino acids or as breakdown products of plant-derived phenyl-propionoids and flavoids (Parr and Bolwell 2000, Manso et al. 2009) 
. A structurally
Published by Oxford University Press on behalf of Entomological Society of America 2015. This work is written by US Government employees and is in the public domain in the US. similar compound, 2-phenylethanol, is known to be produced by fungus (Pierce et al. 1991) . It is attractive to stored-product pest beetles of the family Cucujidae (Pierce et al. 1991) . It has also been found as a volatile given off by fungus-infested dates and attractive to the carob moth, Ectomyelois ceratoniae (Zeller) (Coss e et al. 1994 ), a species closely related and ecologically similar to the navel orangeworm. It is possible that PPO is an as-of-yet undetected volatile associated with navel orangeworm hosts and used by the navel orangeworm to locate these hosts (i.e., a kairomone). An alternative possibility is that PPO induces the same physiological and behavioral responses as a structurally similar host-associated volatile (i.e., a kairomone mimic). There have been instances where compounds with chemical structures similar to pheromones produced the same biological responses (Todd et al. 1992 , Xu et al. 2012 ).
Use of PPO as an attractant has been examined in the absence of mating disruption (Burks and Higbee 2009 ), but data are lacking concerning adult response to PPO in the presence of mating disruption. Moreover, as host-associated volatiles have sometimes proved to evoke a synergetic response to sex pheromone , the recent availability of sex pheromone lures for navel orangeworm provides an opportunity for testing for such synergy in this species. The objective of the current study is to examine interactive effects of PPO and pheromone lures in almond orchards using conventional management (e.g., insecticides) or mating disruption for navel orangeworm control.
Materials and Methods
Three experiments were conducted to compare the effectiveness of PPO as an attractant in either the absence or presence of a navel orangeworm pheromone lure, and in either the absence or presence of mating disruption. All three experiments were arranged in a 3 by 3 Latin square with three replicate blocks, for a total of nine replicates of each of three treatments. Orange wing traps (Suterra LLC, Bend, OR) were hung in almond trees 1.5 m from the ground. The experiments used traps baited with three of the following four treatments: 1) blank (no attractant); 2) PPO (CAS 637-27-4, TCI America, Portland, OR); 3) with NOW Biolure pheromone lure (Suterra LLC); or 4) both PPO and a pheromone lure. PPO was dispensed using 15-by 45-mm amber glass vials with cotton wicks suspended by a wire from the center top of the wing trap, as described in Burks et al. (2009) . The NOW Biolure pheromone lures were stuck to the upper side of the trap by adhesive backing incorporated into the lure by the manufacturer for this purpose. Experiments were conducted for 2-wk periods. Traps were monitored and liners replaced at 3-to 4-d intervals, and the number and sex of navel orangeworm in the liners were assessed in the laboratory.
The first two experiments were conducted in a mature almond block of 50 ha (cultivars 'Nonpareil,' 'Carmel,' and 'Avalon') near Kerman, CA (þ36.681703, À120.103970). There were no mating disruption treatments for navel orangeworm in the vicinity of this orchard. Traps within individual replicate blocks were 50 m apart, and replicate blocks were 300 m apart. Experiment 1, conducted between 10 April and 25 April 2014, examined possible additive or synergistic effects by comparing traps containing pheromone only, PPO only, or both. Based on findings from this first experiment, a second experiment was conducted from 25 April to 5 May 2014, comparing PPO only, pheromone only, and blank traps at this nonmating disruption site.
A third experiment repeated the comparison from experiment 1 in the presence of mating disruption. This experiment was conducted near Coalinga, CA (þ36.436507, À120.382129) on parts of a mature 930-ha almond ranch (varieties 'Nonpaereil,' 'Monterey,' and 'Fritz') under commercial mating disruption using NOW Puffer aerosol dispensers (Suterra LLC). Per label instruction, dispensers were deployed at a density of 2 per acre and were programmed to emit 0.38 mg of Z11,Z13-16:Ald every 15 min for 12 h, starting at 1800 hours local time (6 p.m.). The tree spacing was 7 m per row with 5.5 m between trees within rows, and dispensers were placed in seven row and seven tree intervals to achieve the approximate desired density. Traps for experiment 3 were hung in the tree nearest to the center point between surrounding dispensers, and thus, traps were 49 m apart row-wise and 38 m apart in the in-row direction. The three replicate blocks were !300 m apart, and placed with at least two rows of dispensers between the edge of the plot and the edge of the orchard. Experiment 3 was conducted between 16 and 30 May 2014.
Treatment differences between the cumulative 2-wk totals of adults captured using the attractants were analyzed using a generalized linear mixed model (GLMM) with a negative binomial distribution, appropriate to the overdispersed count data generated by these experiments (SAS Institute Inc. 2015). Degrees of freedom were determined by the method of Kenward and Roger (SAS Institute Inc. 2015). The trap type was a fixed effect; and block, and row and column effects nested in block, were random effects. Analysis of the data for males in experiment 2 by GLMM was prevented by failure of the maximum likelihood parameter estimate to converge. Convergence failure of this iterative procedure is not uncommon in sparse data sets containing many counts of 0 (Agresti 2007) . That data set was instead analyzed using the Kruskal-Wallis nonparametric ANOVA followed by the Nemenyi test for multiple comparisons to analyze median response between the treatments (Zar 1999) . Based on results of the folded-F test for equality of variance, the unequal-variance t-test (SAS Institute Inc. 2015) was used to compare the number of males and females in traps baited with both pheromone and PPO. Data are shown by sex, but analysis of the lure effect was completed both individually for females and males, and for the sexes combined. In this study, the term "synergism" is used in the dictionary sense of being greater than the additive effects (http:// www.merriam-webster.com/dictionary/synergism Last accessed November 20, 2015), and does not take into account complications encountered when dose-response relations are considered in pharmacology and allied disciplines (Chou 2006) . The effect of the combined attractants was, therefore, considered synergistic if the lower 95% confidence limit of the combined treatments was greater than the sum of the upper 95% confidence limits of the individual treatments.
Results and Discussion
Experiment 1, conducted in the absence of mating disruption, revealed significant differences between attractant treatments in the total number of adults captured (F ¼ 50.68; df ¼ 2, 10.8; P < 0.0001) and the number of males captured (F ¼ 77.44; df ¼ 2, 9.93; P ¼ 0.0001; Table 1 ). The pheromone lure alone captured significantly more males than PPO alone. In contrast, the number of males and the total number of adults captured with PPO and the pheromone lure combined was slightly less (P > 0.05) than the number captured with pheromone lure alone. An equal number of males and females were captured by PPO (Table 1) . In contrast, significantly more males than females were captured by sex pheromone and PPO combined (t ¼ 5.50, df ¼ 8.368, P ¼ 0.0005). There were no females captured in the traps baited only with sex pheromone, as expected for a moth sex pheromone. Similar numbers of females were capture in PPO traps with or without pheromone, while similar numbers of males were captured in pheromone traps with or without PPO.
Experiment 2 was also conducted in the absence of mating disruption. This experiment, in which the combination PPOpheromone treatment was replaced with a blank trap, was undertaken to provide a clear test of whether captures with PPO alone were due to its property as an attractant rather than to passive capture in a nonattractive trap. The response to the PPO-only and combined treatments were similar to that in experiment 1 (Table 2) , and both the total number of adults and the number of males captured were significantly greater in pheromone-baited traps than in traps baited with PPO (respectively, F ¼ 47.96; df ¼ 1, 13.84; P < 0.0001; and v 2 ¼ 23.7891; df ¼ 2; P < 0.0001). There was no significant difference between the number of males and females captured in traps baited with PPO alone (P > 0.05). The nine unbaited traps captured one male over 2 wk. This rate of capture of <0.2% of pheromonebaited traps is consistent with previous reports (Burks et al. 2009, Burks and Higbee 2015) . Experiment 3 examined the same three treatments as experiment 1, but in an almond orchard treated with mating disruption. Under this circumstance, the pheromone trap was shut down as expected; i.e., the rate of capture was equivalent to that in blank traps in experiment 2 (Table 3 ). There were significant differences between the lure types in the number of adults captured (F ¼ 27.04; df ¼ 1, 13.69; P ¼ 0.0001), and in the number of males captured (F ¼ 34.29; df ¼ 2, 24; P < 0.0001), and all differences were significant (Table 3) . Traps baited with both PPO and pheromone captured significantly more males than females (t ¼ 5.40; df ¼ 13.18; P ¼ 0.0001), whereas there was no significant difference (P > 0.05) between the number of males and females captured in traps baited with PPO alone in the presence of mating disruption.
These experiments reveal that the response of male and female navel orangeworm to PPO is markedly different. The response of females to PPO is consistent regardless of mating disruption treatment, whereas the response of males to a combination of PPO and pheromone is quite different between orchards with and without mating disruption treatments. In the absence of mating disruption, the lower 95% confidence limit (CL) of males captured with PPO and pheromone easily overlaps with the sum of the upper CLs of males captured with PPO alone and pheromone alone, thus the effect is additive. However, in the presence of mating disruption, the sum of the upper 95% CLs of pheromone alone and PPO alone is far less than the lower 95% CL of the two combined, so their interaction is synergistic as defined in Materials and Methods. These observations suggest the PPO allows males to follow a sex pheromone plume to its source at concentrations of Z11,Z13-16:Ald that are normally disruptive. In contrast to the context-dependent response by males, the response of females was remarkably consistent. These findings indicate that PPO offers a potential advantage primarily for monitoring for navel orangeworm in the presence of mating disruption. In that context, there is a trade-off between a higher detection capability for a combined pheromone-PPO lure versus consistency for a PPO-only lure. Means within the same column followed by different letters are significantly different (generalized linear model with negative binomial distribution, P < 0.05). Asterisks indicate that the number of males and females captured were significantly different (unequal-variance t-test, P < 0.05). Table 2 . A. transitella males and females per trap (mean 6 SE, n ¼ 9) captured over 2 wk in a non-pheromone permeated almond orchard
Lure
Males Females Blank 0.1 6 0.1a 0 Phenyl propionate 9 6 3.2b 5 6 0.8 Pheromone 70 6 7.5c 0
Means within the same column followed by different letters are significantly different (Kruskal-Wallis nonparametric ANOVA, P < 0.05). The difference between the number of males and females captured with phenyl propionate lures was not significant (unequal-variance t-test, P > 0.05). Table 3 . A. transitella males and females per trap (mean 6 SE, n ¼ 9) captured over 2 wk in a pheromone permeated almond orchard
Males Females
Phenyl propionate (PPO) 6 6 1.3b 6 6 1.3 Pheromone only 0.1 6 0.1a 0 PPO and pheromone 23 6 2.3c 8 6 1.4* Means within the same column followed by different letters are significantly different (generalized linear model with negative binomial distribution, P < 0.05). Asterisks indicate that the number of males and females captured were significantly different (unequal-variance t-test, P < 0.05).
